To enhance sensitivity in multiphoton ionization/time-of-flight mass spectrometry, the sample, in the form of an effusive molecular flow, was introduced at a small angle relative to the laser beam. This approach enlarged the volume of interaction between the sample and the laser beam, thus increasing the number of ions formed by multiphoton ionization. The sensitivity obtained using this technique was compared with that obtained using a previous method based on the off-axis sample introduction technique with detection limits for organic hydrocarbons at the subfemtogram level. The detection limit was examined for dioxins and an improvement of 2.5 ± 0.4 fold was found. The technique developed herein is applicable for practical ultratrace analysis of persistent organic pollutants.
Introduction
Environmental issues arising from exhaust gases of automobiles and industrial waste materials have become serious problems due to rapid economic and industrial growth in both advanced and developing countries. Persistent organic pollutants (POPs) that accumulate in the environment have an adverse effect on human health because the concentrations of these hazardous compounds can increase in the food chain. In order to evaluate the effect of these compounds on human health, it is necessary to measure their concentrations in a variety of food products. In addition, a technique for determining the levels of these chemicals in the human blood is also needed. Many studies have reported on the measurement of dioxins in human blood of Yusho patients. 1,2 Gas chromatography combined with mass spectrometry (GC/MS) has been utilized for the trace analysis of POPs. [3] [4] [5] Especially, GC coupled with high-resolution MS (GC/HRMS) is currently specified as a standard method for the trace analysis of dioxins because of its superior sensitivity and selectivity.
However, electron ionization (EI), which is conventionally used in GC/MS, results in the ionization of not only the dioxins but also interference species and even helium used as a carrier gas of GC, thus resulting in poor selectivity, which translates into poor sensitivity in mass spectrometry. Moreover, this EI-based method produces many fragment ions, thus deteriorating the selectivity and, hence, the reliability of the method in trace analysis. For this reason, it is necessary to use a pretreatment procedure for reducing the concentration of interfering species. However, this process is tedious and timeconsuming, and requires chemical reagents and additional skills, which introduce additional complexity into the method. Therefore, it is desirable to improve selectivity in the ionization process in mass spectrometry.
It is well known that multiphoton ionization (MPI) represents one of the approaches to solving this problem. When the analyte absorbs the first photon for excitation to the first excited state, ionization efficiency can be significantly increased. This technique, referred to as resonance-enhanced MPI, is useful for selective ionization because the efficiency depends on the wavelength of the laser used as an ionization source. In addition, this technique results in the production of molecular ions and suppresses fragmentation in many cases. In fact, MPI using an ultraviolet laser with a pulse width of less than 100 fs provided molecular ions, even in the case of polychlorinated dioxins and triacetone triperoxide (TATP). 6, 7 In order to improve sensitivity, the use of a high-power laser operating at a high repetition rate is also desirable. 8 For example, a picosecond laser designed for use in industrial applications (20 kHz, 1031 nm, 4.0 W, 1.3 ps, MOIL-ps L11590, Hamamatsu Photonics) can be frequency-quadrupled to generate a fourth harmonic emission (258 nm, 790 mW) with a subpicosecond pulse width and was employed as an ionization laser for the ultratrace analysis of POPs. The detection limits (DLs) for polycyclic aromatic hydrocarbons (PAHs) were reported to be in the subfemtogram level, suggesting that this instrument would be the most sensitive for use in GC/MS. It is, however, necessary to improve the sensitivity further, e.g., for the detection of POPs contained in micro-particles referred to as "PM2.5", which is one of the most serious environmental issues in Asian countries.
A variety of techniques have been developed to improve sensitivity in multiphoton ionization/time-of-flight mass spectrometry (MPI/TOF-MS). A possible approach would be the use of a pulsed nozzle for sample introduction. 9, 10 It is, however, difficult to apply this technique to an interface between GC and MS due to large dead volume and an unavoidable discharge that occurs from the high density of helium (carrier gas) transiently introduced into MS. For this reason, a narrow capillary tube has been utilized as an interface because of its small dead volume and a constant flow rate of the sample gas. In order to increase the density of the sample at the point of interaction with a laser beam, the analyte is ionized behind the capillary nozzle for introducing the GC eluents. This approach, referred to as a collinear configuration (or the proximity ionization technique), can result in an enhancement in sensitivity of 50 fold. 11 The collision of ions with the carrier gas of helium decreases sensitivity by scattering the ions and also deteriorates the resolution in mass spectrometry. To overcome this problem, the direction for introduction of the sample as an effusive molecular beam was tilted against the direction of the ion to be accelerated for mass analysis. 12 This approach, referred to as an off-axis sample introduction technique, has been successfully used for ultratrace analysis in many applications. [6] [7] [8] In this study, we report on the development of a new sample introduction technique that results in further enhancement of sensitivity in MPI/TOF-MS. This is based on the concept schematically shown in Fig. 1 ; the traditional off-axis sample introduction technique is shown in Fig. 1 (a) and the technique developed herein is shown in Fig. 1(b) . In Fig. 1(a) , the laser beam is vertically crossed with the molecular beam. In Fig. 1(b) , the interaction volume increases and the amount of ions generated by MPI is then enhanced by crossing the laser beam at a smaller angle against the molecular beam. When the angle of the cone representing the expansion of the molecular beam is negligibly small, the increase in the interaction volume is proportional to the parameter, 1/sin (θ). In order to evaluate the advantage of this method, the signal intensities and the DLs obtained using the proposed method were examined using dioxins as analytes and were compared with those obtained using the same compounds in the previous configuration shown in Fig. 1(a) . The potential advantage of this technique, when used in conjunction with a high-average-power laser designed for use in industrial applications, is discussed.
Experimental

Apparatus
The TOF-MS instrument used in this study was developed in our laboratory, [13] [14] [15] and is now commercially available (HGK-1, Hikari-GK, Fukuoka, Japan). For comparison of the techniques shown in Figs. 1(a) and 1(b), two fused silica capillaries (0.25 mm i.d., GL Sciences) were attached as transfer lines in the TOF-MS instrument. As shown in Fig. 2 , configuration A was utilized for the off-axis sample introduction. On the other hand, configuration B was installed for the small angle sample introduction, the direction of which was adjusted so as to be parallel to the plane of the repeller electrode and was tilted 5 degrees against the laser beam to increase the interaction volume. The capillary used in configuration B was covered with a stainless steel tube (0.5 mm i.d., 1.0 mm o.d.) heated at 150 C to avoid condensation of the sample. On the other hand, no stainless steel tube was used in configuration A, since the fused silica capillary was directly heated by the repeller electrode that was maintained at 150 C. Either configuration A or B was employed in the experiment to avoid interference induced by the sample introduced from the other capillary. For this reason, one of the capillaries was plugged using a septum to maintain the vacuum in the MS. For continuous sample introduction, several mg of pentachlrobenzene was placed in a reservoir located between the transfer line and the GC (6890GC, Agilent Technologies). The oven temperature was maintained at 30 C, and the flow rate of helium, used as the carrier gas, was adjusted at 1 mL min -1 . For the GC measurement, the reservoir was removed and a GC column (DB-5ms, 0.25 mm i.d., 30 m long, 0.25 μm film thickness, Agilent Technologies) was connected with a transfer line using an inner seal connecter (GL Sciences). A 1-μL aliquot of a sample solution containing 48 congeners of dioxin was injected into the GC using an auto sampler (6890N, Agilent Technologies). The oven temperature was increased at a rate of 8 C min -1 from 130 to 300 C, and then held for 5 min. The temperatures of the transfer line and the inlet port of the GC were kept at 300 C.
The third harmonic emission (267 nm, 40 or 80 μJ) of a femtosecond Ti:sapphire laser (800 nm, 1 kHz, 100 fs, Libra, Coherent) was utilized as an ionization laser. The laser beam was focused onto an effusive molecular beam using a fused silica lens with a focal length of 400 mm. The position of the lens was optimized to maximize the molecular ion and to produce minimal amounts of fragment ions. The induced ions were accelerated toward a flight tube and were detected using an assembly of microchannel plates (F4655-11, Hamamatsu Photonics). The signal was enhanced 64 fold using an amplifier (574 Timing Amplifier, Ortec) and was recorded by means of a digitizer (AP235, Agilent Technologies). The data were processed using homemade software developed using LabVIEW. A two-dimensional display of GC/MS could be obtained, and a mass chromatogram was constructed by extracting the data at the specified mass/charge ratio (m/z). The DL of dioxin was calculated as the concentration, at which the signal/noise ratio (S/N) was 3.
Reagents and chemicals
Pentachlorobenzene was purchased from Wako Pure Chemical Industries, and a standard sample mixture of dioxins (DF-B10-CS7) was purchased from Wellington Laboratories. The sample consisted of 12 C-native and 13 C-labeled polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs), and their concentrations were 10 pg μL -1 for tetra and pentaCDD/Fs, 20 pg μL -1 for hexa and heptaCDD/Fs, and 50 pg μL -1 for octaCDD/F.
Results and Discussion
Pentachlorobenzene A sample of pentachlorobenzene was measured using configurations A and B for comparison of the ionization efficiency in MPI/TOF-MS. Figure 3(a) shows mass spectra for molecular ions arising from the isotopes using the third harmonic emission at a pulse energy of 40 μJ. The intensity of the molecular ion was increased 1.7 fold by replacing configuration A with B because of the larger interaction volume. Assuming a rod-shaped interaction zone, the signal enhancement was calculated to be 11 fold at a crossing angle (θ) of 5 degrees. The enhancement in signal intensity was relatively smaller than the predicted value. This could be explained by a reduction in molecular density, which would arise from the cone-shaped expansion of the molecular beam. In order to solve this problem, it is suggested using a technique of supersonic jet expansion: the analyte with a larger molecular weight than the carrier gas of helium can be more efficiently localized at the center part of the jet, thus providing a rod-shaped interaction zone and greater signal enhancement. 16 To investigate the effect of the laser pulse energy on the signal intensity, the mass spectra were measured at a pulse energy of 80 μJ. As shown in Fig. 3(b) , the signal intensity increased 2.2 fold when configuration A was replaced with configuration B, and no saturation in the signal enhancement was observed. This result suggests that the use of a laser with higher output power would be more useful for the sensitive detection of the analyte.
Dioxins
The third harmonic emission operating at 40 μJ was utilized for the evaluation of sensitivity, since this pulse energy was employed in a previously reported study.
8 Figure 4 shows the mass chromatograms extracted from the two-dimensional display for the parts where tetraCDDs (m/z = 322) appear. There were eight major peaks arising from 4 tetraCDDs (C12H4O2 Cl 37 Cl3). No deterioration in the resolution of the GC peak was observed, suggesting that the present technique is useful as an interface between GC and MS. The signal enhancement for tetraCDDs and 13 C-tetraCDFs was 2.8 ± 0.4. The enhancement factor was slightly larger than the value obtained using pentachlorobenzene, which can be attributed to better focusing of the analyte into the center of the molecular beam due to the larger molecular weight of the analyte.
The DL values of tetraCDD/Fs are summarized in Table 1 , in which the data for octaCDD/Fs are listed for comparison. The DLs improved 2.5 ± 0.4 fold, on average. The fact that the value is slightly lower than the signal enhancement (2.8 ± 0.4) can be attributed to a slight increase in baseline noise. In fact, the improvement in DL was minimal for the pentaCDD/Fs due to a background signal arising from interfering species bleeding from the stationary phase of the separation column. The DL values for octaCDD/F are much larger than those for tetraCDD/Fs, which can be explained by a decrease in the singlet-excited-state lifetime due to the heavy atom effect. 17 It should be noted that the DLs of the PCDDs are generally poorer than those of the PCDFs, which can be ascribed to the smaller absorptivities for PCDDs. 18 
Potential performance
In the previous study, we measured PAHs and dioxins based on GC/MPI/TOF-MS using the fourth harmonic emission of the compact high power picosecond Yb:YAG laser as an ionization source. 8 In the manual reported by the Ministry of Health, Labour and Welfare, Japan, an HRMS providing a detection limit of <6 fg for 2,3,7,8-tetraCDD and of <30 fg for octaCDD is suggested for the measurement of dioxins in human blood.
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The detection limit for 2,3,4,7,8-pentaCDF that determines the toxicity equivalence quantity (TEQ) in most cases is reported to be 5 fg in the previous study. 8 Since the DL can be improved 2.5 fold using the present sample introduction technique, the DL would improve to 2 fg when the above picosecond laser was utilized. The DL value of 14 fg reported for 2,3,7,8-tetraCDD in the previous study can be improved to 5.6 fg, which satisfies the requirement for the analysis of dioxins in human blood. Although the DL for octaCDD can be improved to 120 fg, this value is, unfortunately, higher than the required value of 30 fg. The toxicity equivalence factor (TEF), defined as the relative toxicity against 2,3,7,8-tetraCDD, is 0.01 for octaCDD, and the DL practically required for analysis of dioxins in human blood can be calculated to 6/0.01 = 600 fg. Therefore, the present technique would provide sufficient sensitivity for the trace analysis of dioxins in human blood.
The potential advantage of MPI/TOF-MS over HRMS is that it is capable of simultaneously measuring all the chemical species and of allowing the display of the complete data in a single picture. On the other hand, only components specified prior to the measurement can be measured in HRMS. Thus, a comprehensive analysis of the dioxin congeners and other related constituents in human blood will become possible using the present technique, which would contribute to a better understanding of the origins of Yusho Disease. To exactly satisfy the requirement provided by the Ministry of Health, Labour and Welfare, Japan, the DL value needs to be further improved 4 fold for octaCDD. This could be achieved with the use of a supersonic jet expansion technique to increase the density of the analyte at the center part of the molecule beam, 16 the use of a pulse-shortening procedure in the process of second harmonic generation, 20 and the use of a fiber laser producing highly repetitive high-average-power subpicosecond pulses. 21, 22 Carcinogenic PAH contained in PM2.5 is a subject of intense interest in Japan. The concentrations of nitro-PAHs having larger carcinogenicities are much lower than those of PAHs. 23 Since the amount of PAH extracted from PM2.5 and injected into the GC was in the subpicogram level in our laboratory, GC/MS with its superior sensitivity is strongly required for monitoring these hazardous compounds contained in PM2.5. The present technique based on small angle sample introduction would be advantageous for monitoring such substances. Needless to say, this approach can be utilized as well in the MS based on single-photon ionization using a vacuum ultraviolet photon. 
Conclusions
A new type of sample introduction technique was developed for use in analyses by MPI/TOF-MS. Due to an increase in the volume of interaction between the sample and the laser beam, the sensitivity and the DL were improved 2.8 and 2.5 fold, respectively. The present results suggest that GC/MPI/TOF-MS can be applied to the analysis of dioxins in human blood. In fact, the DLs calculated for 2,3,7,8-tetraCDD, the most toxic and representative dioxin congener, and for 2,3,4,7,8-pentaCDF, the most important dioxin congener that determines the TEQ value in most cases, would become similar to those obtained using HRMS, a standard analytical instrument currently used as the most sensitive method for measuring dioxins. A distinct advantage of GC/MPI/TOF-MS over GC/EI/HRMS is its capability for comprehensive analysis and subsequent two-dimensional display based on GC/TOF-MS, which allows for the trace analysis of a sample containing numerous unknown constituents.
